INTRODUCTION
Mechanisms of igneous differentiation in magma chambers and emplacement of sheet-like intrusions remain a matter of debate, despite numerous studies on intrusive bodies worldwide (see Marsh, 2013; Latypov et al., 2015) . Globally, two end-member models for crystallization processes can be distinguished in the literature: (1) layered intrusions form in response to large-scale crystal settling, incremental crystal-charged magma supply and diffusional processes near interfaces (Wager & Brown, 1968 ; for a recent review see Namur et al., 2015) ; (2) in situ crystallization should form plutonic rocks having the composition of the parental melt (Marsh, 2006) and should theoretically produce limited modal variations throughout the igneous body. In the latter, crystallization operates within solidification fronts progressing from the walls towards the core of the intrusion upon cooling (Marsh, 2006) . Magma differentiation can take place if the melt phase is squeezed out from the crystal-rich mush owing to its higher mobility compared with the rigid crystal network (Bachmann & Bergantz, 2004) . Rheological studies of partially molten rocks and of partially crystallized two-phase magmas have shown that melt-crystal separation can be efficient over a wide range of crystal:melt ratios depending on the viscosity of the melt phase (Marsh, 1981; McKenzie, 1985; Nicolas, 1992; Vigneresse et al., 1996) . Physical processes controlling melt extraction can be subdivided into the following: (1) compaction driven by the load of crystal-rich mush on the intrusion floor (McKenzie, 1984; Shirley, 1986; Boudreau & McBirney, 1997; Meurer & Boudreau, 1998; Namur & Charlier, 2012) ; (2) shear-pumping where the melt phase migrates preferentially into zones of localized deformation and veins (Vigneresse & Tikoff, 1999; Geshi, 2001; Rabinowicz & Vigneresse, 2004; Bé dard, 2015) ; (3) pressure and/or volume increase in sub-volcanic magma reservoirs in response to gas exsolution, magma recharge or tectonic stresses (Tait et al., 1989; Sisson & Bacon, 1999; Bachmann & Bergantz, 2004; Davis et al., 2007; Gudmundsson, 2012; Ellis et al., 2014) ; (4) disruption of crystal-rich mush formed along the vertical or upper walls of intrusions (Geshi, 2001; Marsh, 2002; Humphreys & Holness, 2010; Zavala et al., 2011) .
The geochemical consequences of melt extraction or percolation in a mush are known as the 'trapped melt effect'. This involves the incompatible trace element chemistry of the residual cumulate being controlled by the melt fraction trapped in the network of cumulus minerals (Barnes, 1986; Langmuir, 1989; Hermann et al., 2001) . Deformation-driven differentiation is especially efficient at mid-ocean ridges where continuous magma supply is concomitant with extensional tectonics (Dick et al., 2000; Bé dard, 2015) . In continental areas, such differentiation processes mainly result from gravity-driven compaction, disruption of unsupported mush (see Humphreys & Holness, 2010) or, in subvolcanic magma chambers, from gasdriven filter pressing (Sisson & Bacon, 1999) . Nevertheless, only a few examples have been reported where differentiation is driven by the deformation of mushes within magma chambers. This may be because they are emplaced in less active tectonic settings compared with mid-oceanic ridges but also because there are few studies combining petrologybased estimations of trapped melt fractions (TMF) and quantitative analyses of fabrics in plutonic igneous bodies (see O'Driscoll et al., 2015) .
The 2Á7 Ga Iguilid mafic intrusion is a rather homogeneous gabbronoritic plutonic body without modal layering, although it is characterized by significant variations in syn-magmatic fabric intensity, together with grain-to sample-scale silicate melt migration and segregation structures. In this study, we explore the relationships between the fabrics and geochemical characteristics of the Iguilid gabbroic cumulates and propose a dynamic differentiation processes involving vertical flattening of the mafic mushes during in situ crystallization. We show that deformation-driven differentiation in basaltic magma chambers can be an efficient process to extract differentiated melt from the mushes. We also propose that the expelled melt could have been feeding synchronous metaluminous granodioritic bodies to form, together with the residual mafic plutons, a bimodal post-orogenic magmatic suite.
GEOLOGICAL SETTING
The Amsaga area in the Reguibat shield of the West African craton (Fig. 1a) , is almost exclusively composed of Archean rocks, except for Pan-African and/or Variscan thrust sheets in its southernmost termination and for Proterozoic to Jurassic dykes. Proterozoic to Mesozoic sediments of the Taoudeni Basin were deposited on the Archean rocks along the southern and eastern border of the Amsaga. The Archean domain is dominated by migmatitic tonalite-trondhjemitegranodiorite (TTG) orthogneiss interleaved with banded iron formations (BIFs), amphibolites and basic granulites, ultramafic-mafic-anorthosite granulitic complexes and impure marbles (Barrè re, 1967; Potrel et al., 1998; Berger et al., 2013; Fig. 1b) . U-Pb sensitive highresolution ion microprobe (SHRIMP) zircon dating of one sample of migmatitic TTG gneiss yielded an age of 3Á5 Ga for the igneous precursor (Potrel et al., 1996; Fig. 1b) . The central and northern domains are also composed of quartzo-feldspathic gneisses intruded by 2Á99 Ga charnockitic plutons. Supracrustal assemblages consisting of quartzite, orthogneiss and granulitic aluminous gneiss are found in the southeastern part of the Amsaga. Pressure-temperature (P-T) conditions of metamorphism affecting the area have been estimated at 800 C and 5 kbar (Potrel et al., 1998) ; higher P-T conditions are locally recorded by the ultramafic-maficanorthosite complexes (900 C, 5-6 kbar; Berger et al., 2013) . According to partly re-equilibrated zircon U-Pb ages, metamorphism is polyphase and occurred between 2Á98 and 2Á74 Ga (Auvray et al., 1992; Potrel et al., 1998) . Post-granulite intrusions (Fig. 1b) are represented by the 2Á726 6 0Á007 Ga Touijenjert granite (Auvray et al., 1992; Potrel et al., 1998) and the 2Á70 6 0Á05 Ga mafic Iguilid gabbro (Potrel et al., 1998, Sm-Nd mineral isochron) . Recently, the Ahmeyim great dyke (AGD in Fig. 1a) , located in the Tasiast-Tijirit terrane, has been dated at 2Á733 6 0Á002 Ga (U-Pb on baddeleyite, Tait et al., 2013) . It is a 150 km long and up to 1Á5 km wide intrusion of gabbronorite very similar to those forming the Iguilid intrusion.
The Iguilid gabbro forms an arcuate hill (8 km Â 4 km) culminating at about 500 m above sea level and dominating a flat terrain of Archean metamorphic rocks (Fig. 2) . It intrudes 3Á5 Ga migmatitic TTG orthogneisses interlayered with BIFs, amphibolites and siliceous marbles. The northern and eastern parts of the area shown in Fig. 2 consist of a Quaternary sand sheet with only few basement outcrops; Archean host-rocks are mostly observed south and west of Iguilid. Small isolated and discontinuous outcrops of gabbro have been found in the orthogneisses north and SE of the hill and probably represent apophyses of the main intrusion (Fig. 2) . Quartz, feldspar 6 beryl 6 tourmaline pegmatites form pockets within the Iguilid intrusion or in the vicinity of the Iguilid hill (Barrè re, 1967) . The metamorphic rocks surrounding the Iguilid intrusion are strongly deformed. Ductile foliations in the Archean basement bend around the Iguilid body, they strike N340 to N50 west of the hill, whereas they are oriented N0 to N30 east of Iguilid (Fig. 2) . A shear band striking N30 and marked by ultramylonitic quartzites with vertical stretching lineations transposes metamorphic foliations about 1 km east of the Iguilid hill. These mylonitic structures were not observed within the Iguilid gabbronorites, suggesting that the shear zone formed before or during the emplacement of the 2Á7 Ga gabbronorites. Most Iguilid samples are fresh magmatic rocks showing no solid-state deformation or metamorphism. Hydrothermal transformations of pyroxenes into amphibole (hornblende and anthophyllite) and feldspar into epidote (zoisite and clinozoisite) occur close to pegmatites and in small dykes located west of Iguilid and parallel to the main intrusion. Key et al. (2008) referred to this intrusion as the Iguilid metagabbro because of the local development of metamorphic foliations along the margins but, because only localized hydrothermalism affects the Iguilid rocks, an igneous nomenclature is used throughout this study.
SAMPLING AND ANALYTICAL METHODS
The Iguilid gabbros showed no discernible macroscopic fabrics in the field, probably because of low anisotropies and of the black varnish typical of hot desert areas. Fifty oriented samples were taken on 50 rooted outcrops distributed over the Iguilid intrusion (Fig. 2) . Forty-three fresh samples (Table 1) were processed to make a thin section and sawn along three orthogonal faces for fabric image analysis. Potrel et al., 1998) . The Ahmeyim great dyke (AGD) is shown in (a); the 2Á7 Ga Iguilid body and the 2Á7 Ga Touijenjert I-type granite are marked in (b). Ages of igneous bodies are from Auvray et al. (1992) and Potrel et al. (1996 Potrel et al. ( , 1998 . UTM XY coordinates (meters), WGS 84 ellipsoid.
Eleven samples were selected for major and trace element geochemistry on minerals and bulk-rocks. Mineral major element compositions were analyzed using a CAMECA SX-100 electron-microprobe at the CAMPARIS service (Paris, France). Operating conditions were a beam current of 10 nA, an accelerating voltage of 15 kV and counting times of 10 s for peak and background intensity measurements. Trace elements in minerals were determined with a quadrupole inductively coupled plasma mass spectrometry (ICP-MS) system (ELAN 6100, Perkin Elmer) coupled to a 193 nm ArF excimer laser probe at ETH Zurich. Calibration was made with NIST 610 and 612 reference materials, whereas Ca (clinopyroxene and plagioclase) or Si (orthopyroxene), previously determined by electron microprobe analysis (EMPA), were chosen as internal standards to correct for ablation efficiency and instrumental drift. Each mineral was ablated for 45 s at a pulse frequency of 10 Hz, following 20 s of blank acquisition. The incident beam diameter was 90 mm and the output energy 20 J cm -2 . Whole-rock major and minor elements were determined by X-ray fluorescence (XRF) spectrometry at the Geopetro unit of the Université de Liè ge (Belgium). The samples were mixed with lithium tetraborate, melted and moulded into a glass disk. Trace elements were determined by ICP-MS at the Musé e Royal d'Afrique Centrale (Belgium) following an HF-HNO 3 digestion and evaporation in the presence of HClO 4 to prevent the formation of fluorides. For both XRF and ICP-MS analyses, the calibration protocol used a set of natural standards comprising peridotite, gabbro, basalts and diorites. The results of bulk-rock analysis are presented in Table 2 .
The isotopic composition of Nd in six samples was measured at the Université Libre de Bruxelles on a Nu plasma multicollector (MC)-ICP-MS system. Rocks were digested in a HF-HNO 3 mixture, then Sm and Nd were extracted using conventional cation-exchange chromatography techniques (Pin et al., 1994) . Precise Sm/Nd ratios were determined by isotope dilution, using a mixed 150 Nd-149 Sm spike.
PETROGRAPHIC DESCRIPTIONS
Modal proportions (Fig. 3 , Table 1 ) were determined after contouring the main mineral phases (plagioclase, pyroxenes, oxides, quartz and biotite) on scanned thin section images using drawing software. Fourteen samples out of 43 were affected by partial to total replacement of pyroxenes by amphibole and thus the original clinopyroxene and orthopyroxene proportions could not be determined. For those samples, only the total pyroxene content (representing remaining pyroxene and secondary amphibole proportions) is reported in Table 1 . Most samples are plagioclase-rich (40-80 vol. %) gabbronorites, but the lithological composition ranges from norite to opx-bearing gabbro (Fig. 3 ). Norites and opx-gabbronorites consist of oriented euhedral orthopyroxene and plagioclase ( Fig. 4a ) with rare (<3 vol. %) interstitial clinopyroxene and quartz. Gabbronorites and gabbros generally show a weak fabric and are characterized by slightly rounded polyhedral orthopyroxene and euhedral plagioclase laths, with either small euhedral or interstitial clinopyroxene (Fig. 4b) . This arrangement defines a mesocumulate texture where the interstices within the plagioclase lath network are generally filled with quartz, or less commonly with biotite or clinopyroxene and apatite ( Fig. 4c  and d ). Orthopyroxene often contains plagioclase inclusions with a smaller grain size compared with the matrix feldspar, indicating that plagioclase nucleated before orthopyroxene or had slower grain growth rates. Consequently, the textural relationships allow the following crystallization sequence to be established: plagioclase, orthopyroxene, clinopyroxene, quartzbiotite-apatite. An interstitial quartz-filled domain can fill the volumes between euhedral plagioclase crystals ( Fig. 4c) or form a thin film between elongated feldspar crystal faces (Fig. 4d) . Quartz can also form veins into feldspars or orthopyroxene crystals that sometimes fill a fracture between two fragments in optical continuity showing a jigsaw fit (Fig. 4d) , meaning that the grains were fractured when melt was still present (Bouchez et al., 1992) . Such features have also been observed more rarely for interstitial biotite and clinopyroxene. Plagioclase locally shows deformation features such as kinking and/or bending ( Fig. 4e ) and indented contacts marked by localized grain boundary recrystallization (Fig. 4f ), structures that were acquired when the cumulate became rigid (Barnes & Maier, 2002) . Leucocratic material either forming a diffuse vein network (Fig. 5a ) or centimeter-scale segregation pockets (Fig. 5b ) was observed in a few sawn samples. These cut across the gabbronorite and locally form poikilitic textures consisting of a leucocratic matrix surrounding large plagioclase or orthopyroxene grains. These microtextures attest to melt migration at a larger scale. Unfortunately the millimeter-thick black varnish did not allow us to observe larger migration or segregation structures. Meter-scale pegmatites intruding the Iguilid hill are composed of quartz, K-feldspar, muscovite, tourmaline 6 beryl. They have a peraluminous chemistry typical of granites and pegmatites derived from the melting of metasediments.
Spatial variations of modal proportions in the Iguilid intrusion are illustrated in Supplementary Data Fig. A as contoured plots (supplementary data are available for downloading at http://www.petrology.oxfordjournals. org). Clinopyroxene does not show a systematic distribution with position in the body; however, the western border of the intrusion has a higher proportion of orthopyroxene (up to 49Á5 vol. %), whereas the eastern part is more abundant in plagioclase. Quartz, biotite, and oxides are present in low proportions (>9 vol. %) and do not show a systematic distribution within the Iguilid body. However, quartz contents are usually very low in norites and clinopyroxene-poor gabbronorites (<3 vol. %).
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MINERAL CHEMISTRY
sample. Concentrations in non-quadrilateral components are low (Supplementary Data Table A) at TiO 2 < 0Á5 wt %, 0Á8 < Al 2 O 3 < 2Á3 wt %, Na 2 O < 0Á5 wt %, and no correlation is observed between Mg# and these elements. Orthopyroxene and clinopyroxene Mg# are strongly correlated (Fig. 7a ) and define a linear trend from the most primitive (MA 175) to the most differentiated gabbronorite (MA 77). The clinopyroxene-free norite MA 167 has, however, the most iron-rich orthopyroxene (Mg#: 59). The correlation between An content in plagioclase and Mg# of pyroxenes is more scattered (Fig. 7b ) but both parameters are positively correlated. MA 167 is the most differentiated sample, regarding its mineral compositions, showing the lowest Mg# in orthopyroxene and anorthite content in plagioclase. The brown titaniferous amphibole included in clinopyroxene of sample MA 78 is a pargasite. Green amphiboles forming buds at grain junctions or replacing clinopyroxene near its contact with pegmatites are pargasitic, but show higher K contents compared with Na (1Á06-2Á61 versus 0Á96-1Á25 oxide wt %) with about 1 wt % chlorine. Equilibration temperatures of hornblende-plagioclase pairs calculated with the thermometer of Holland & Blundy (1994) range from 550 to 770 C, according to their high K and Cl contents; they probably formed after hydrothermal reaction with a pegmatite-derived fluid. The oxide phase is a Mnbearing ilmenite in most samples. Cr-bearing magnetite was observed in association with ilmenite in several samples, including MA 167.
The trace element content of minerals was determined by laser ablation (LA)-ICP-MS (Supplementary Data Fig. B Table A ).
There are fairly good correlations between the major element composition of minerals (i.e. Mg# of clinopyroxene or An mol % in plagioclase) and the content of compatible or mildly incompatible elements (e.g. Ni for clinopyroxene and Sr for plagioclase; Fig. 8a and b) . A decrease of Ni in clinopyroxene concentration is accompanied by a decrease of Mg#, attesting to a bulk partition coefficient for Ni > 1, whereas Sr in plagioclase increases with decreasing An content. Surprisingly, no obvious correlation is observed for incompatible elements (e.g. Ce and Zr) when compared with mineralchemical differentiation indices (An mol % or Mg#) ( Fig. 8c and d) .
BULK-ROCK GEOCHEMISTRY, INCLUDING Nd ISOTOPIC COMPOSITION
The 11 analyzed samples have a limited range of Si contents (51Á43-53Á12 wt % SiO 2 , Table 2 ). Aluminum is a function of plagioclase modal proportion and varies from 16Á5 in gabbronorite MA 161 to 21Á75 wt % Al 2 O 3 in norite MA 167. P 2 O 5 and K 2 O bulk concentration are low (<0Á1 and <0Á5 wt %, respectively; Table 2 ). The bulk Mg# varies from 81Á9 in sample MA 175 to 59Á9 in norite MA 167 (Table 2) . REE patterns (Fig. 9a ) are characterized by a LREE-enriched profile and a positive Eu anomaly (Eu/Eu*; 1-5). The two end-member patterns are those of the REE-poor (10-1 times chondritic values) norite MA 167 with a strong positive Eu anomaly and the REE-rich (25-5 times chondritic values) gabbronorite showing weak (MA 166) to no (MA 160) Eu anomaly. Accordingly, all samples show high values of Sr, Ba and Pb, elements that are compatible within the plagioclase lattice (Fig. 9b) . Very low normalized concentrations are observed for Nb, Zr, Hf and heavy REE (HREE) (Fig. 9b) . MA 167 has the lowest contents of strongly incompatible elements (Th, U, Nb, Zr, Hf) whereas MA 67 and 160 are enriched in these elements compared with other samples. The cumulative nature of the Iguilid samples is evidenced by the textures, the high Al contents (reflecting plagioclase segregation), the high Mg#, the low incompatible trace element contents and the pronounced positive peak in Eu. Mafic samples from the synchronous 2Á7 Ga Ahmeyim dyke, represented by cumulative gabbronorites (Tait et al., 2013) , have closely comparable compositions (Fig. 9b) suggesting similar parental magma and fractionation mechanisms.
There is no correlation between the incompatible element contents in bulk-rocks and An% in plagioclase or Mg# of pyroxene. A close look at the An mol % vs bulk Zr content (Fig. 10) shows that the most primitive plagioclase (An mol % 73) is associated with the highest Zr and Th whole-rock concentrations. In contrast, the most differentiated plagioclase (An mol % 54) is found within the sample showing the lowest values of Zr and Th (Fig. 10) . These unusual correlations cannot be explained exclusively by fractional crystallization models for which the values of mineral-based differentiation indices should decrease with increasing incompatible element contents.
The Sm-Nd age of the Iguilid intrusion is associated with a relatively large error (2Á706 6 0Á054 Ga); the absolute deviation on the initial calculated eNd value consequently varies from 60Á7 to 60Á9 units (considering a relative precision of 62% on the measured parent/ daughter ratio). The initial eNd ranges from -2Á2 to -3Á3 (Table 3) , and is thus indistinguishable within error. Because the isotopic signatures are the same (within error) for the six analyzed samples, wall-rock assimilation cannot account for the trace element differences between the samples.
SHAPE PREFERRED ORIENTATION (SPO) OF CRYSTALS Methods
We quantified grain shape preferred orientation fabrics on oriented sections for each sample. Rocks were sawn along a horizontal face, a vertical north-south plane facing east and an east-west-striking plane facing south. All these sections were scanned and each oriented image was processed to outline the dark minerals (pyroxenes and oxides) following the protocol recommended by Bolle et al. (2000) , Ferré et al. (2002) , Diot et al. (2003) and Plissart et al. (2012) . The intercept method (Launeau & Cruden, 1998) and software (INTERCEPT, ELLIPSOID) developed by Launeau & Robin (1996 were used for fabric analysis. Processed images were subdivided into four subimages; combination of 2D measurements on three sections (with the INTERCEPT software) into 3D ellipsoids (with the ELLIPSOID software) therefore resulted in 48 independent determinations per sample of the orientation of foliation and lineation, as well as the degree of anisotropy P and the shape factor T. Accordingly, relative standard deviations are calculated for all samples and validate the homogeneity of SPO parameters at the scale of a sample. The mean values of these parameters with the corresponding standard deviation for each sample are shown in Supplementary Data Table B .
Shape preferred orientation fabrics (SPO)
A significant feature of the Iguilid samples is the range of fabric intensity observed from strongly oriented norites to isotropic gabbronorites (Fig. 4) . The SPO anisotropy measured on dark phases (including pyroxenes and opaques) ranges from 1Á02 to 1Á30 and the three samples with P > 1Á20 are plagioclase-rich norites or clinopyroxene-poor gabbronorites (e.g. MA 167; Fig. 11 and Supplementary Data Table B ). Planar fabrics are dominant, with average T values of 0Á1, but they are highly variable on the scale of a single sample as mean RSD for T is 60Á35 (Fig. 11 and Supplementary Data Table B) . P values are generally lower along the margin of the intrusion (<1Á13) compared with the central arcuate axis (>1Á13, Fig. 12) , except in the southernmost termination. It seems that cumulates located near the wall of the intrusion have been less deformed than those found close to the core.
Foliation trajectories follow the arcuate shape of the intrusion (Fig. 13) , especially along its western side and in its southeastern termination where foliations strike north-south. NE-SW orientations prevail with a minor population striking NW-SE. A few samples have foliations slightly oblique to adjacent sites and locally delineate curved trajectories. The dip of the foliation is greater than 45 for 90% of the 43 samples (Fig. 13 ). Steeply plunging lineations predominate at Iguilid with 70% of lineations plunging >45 (Fig. 13) . A few horizontal to gently plunging lineations are found along the western border of Iguilid (Fig. 13) . To sum up, planar and linear fabrics are subvertical and argue for horizontal shortening of crystal mushes with a steeply plunging kinematic axis probably representing subvertical flow.
DISCUSSION Differentiation processes during the solidification of the Iguilid magma chamber
The Iguilid intrusion is remarkable in its relative homogeneity in modal composition (Fig. 3) and hence, whole-rock major element composition (Table 2) . Typical structures of layered basaltic intrusion (such as modal layering) formed by large-scale crystal settling, magma replenishment or compaction [see Namur et al. (2015) for a recent review] were not observed at Iguilid. Therefore, the processes of crystal fractionation at Iguilid are more typical of in situ crystallization where crystallization occurs within solidification fronts and the mush crystal content and the interstitial melt SiO 2 concentrations typically increase from the front boundary to the margin of the intrusion (Marsh, 2006) . Texturally, the gabbronorites are composed of a network of cumulus minerals (orthopyroxene and plagioclase), late-to post-cumulus clinopyroxene and variable amounts of interstitial quartz, biotite, rare apatite and sodic plagioclase rims surrounding calcic cores (Figs 4 and 6 ). Quartz-biotite domains fill the interstices between plagioclase laths but are also found along long grain boundaries and also as small veins within some plagioclase grains (Fig. 4) . All this evidence suggests that the cumulates contained trapped interstitial silicic melt that locally migrated along grain boundaries and invaded fractured minerals before total solidification (Bouchez et al., 1992) (Fig. 4) and locally segregated to form centimeter-sized pockets and veins cutting across the gabbronorites (Geshi, 2001) . Furthermore, the mineralbased indices of differentiation (e.g. An mol % in plagioclase, Mg# in pyroxenes) are not correlated with the bulk-rock content of incompatible trace elements MA 67  0Á118  0Á002  0Á511115  0Á000015  0Á50900  2Á5  MA 78  0Á124  0Á002  0Á511237  0Á000013  0Á50902  2Á2  MA 160  0Á118  0Á002  0Á511117  0Á000014  0Á50901  2Á4  MA 166  0Á126  0Á003  0Á511246  0Á000013  0Á50899  2Á8  MA 167  0Á098  0Á002  0Á510711  0Á000012  0Á50896  3Á3  MA 175 0Á127 0Á003 0Á511249 0Á000012 0Á50898 3Á0 Fig. 11 . Shape preferred orientation anisotropy degree (P) plotted against the shape parameter (T). The histogram displays the relative frequency of oblate and prolate fabrics. ( Fig. 10 ). This feature is generally interpreted as the 'trapped liquid effect'. In situ crystallization within solidification fronts progressing from the margin to the center of the intrusion (Marsh, 2006) should theoretically form plutonic rocks with a composition that is identical to that of the parental melt, unless the interstitial liquid can be mechanically extracted from the mush before total solidification. Although other crystal fractionation processes may have played a minor role in the differentiation of the Iguilid magma, we consider that the final stage leading to deformation and melt migration is the horizontal shortening of the mushes, which is more intense in the central axis of the intrusion. Indeed, the combination of in situ crystallization and melt extraction processes will not significantly modify the major element contents of cumulates (which is controlled by the modal composition of the cumulus assemblage), but will generate significant differences in incompatible trace element concentrations depending on the amount of melt preserved in the cumulates (Barnes, 1986; Langmuir, 1989; Hermann et al., 2001) . Melt migration and segregation is commonly described in sills, dykes and magma chambers formed during in situ crystallization, where melt moves in response to compaction, disruption of crystal mush formed along the margins or on the walls of an intrusion, or owing to shearing related to magmatic flow (Geshi, 2001; Marsh, 2006 Finally, the Nd isotopic composition of the gabbroic samples is uniform within error. Consequently, the variations in trace element contents observed in the Iguilid mafic samples cannot be explained by crustal assimilation during cooling and crystallization of the Iguilid mafic magma chamber.
Calculation of the trapped melt fraction (TMF)
To quantify the trapped melt fraction (TMF) in the Iguilid rocks, the incompatible element contents of the cumulus phases and of the trapped melt are required. A cumulate gabbronorite containing, for example, 10 ppm Zr consists of a mixture between a Zr-poor cumulus fraction and a Zr-rich liquid (Fig. 14) . As crystallization proceeds (i.e. decreasing liquid fraction F or increasing crystallized fraction 1 -F), both the melt and the cumulus assemblage become enriched in incompatible elements (Fig. 14) . The strategy used here is to compute a fractional crystallization trend for the melt and the cumulus minerals and to solve the equations for F and TMF (Fig.  14) . In the case of the Iguilid intrusion, which shows limited variation in modal proportions, the cumulus part represents crystals formed during magma evolution along a cotectic line. Cotectic proportions should normally be estimated from experiments on a melt similar to the parental magma composition. As no chilled margin nor contemporaneous sub-volcanic dykes were found around Iguilid, the parental magma composition is not precisely constrained.
Two other methods are generally used to infer cotectic proportions in plutonic bodies, as follows.
(1) The backstripping method of Bé dard (2001) consists of removing post-cumulus phases, similarly to non-modal melting, to obtain the modal proportion of the cumulus assemblage. This method requires a lot of assumptions, based either on experimental data or petrographic observations of the studied samples or in comparable igneous bodies. However, at Iguilid, the textural setting of clinopyroxene is both late-cumulus (rather large euhedral-subhedral grains crystallized after orthopyroxene and plagioclase) to post-cumulus (grains filling the interstitial domains formed by the plagioclase lath network) and the interstitial liquid also crystallized more sodic rims around cumulus plagioclase (Fig. 6) . Therefore, it is impossible to estimate precisely the amount of minerals that crystallized from the TMF, which will generate large uncertainties in the backstripping calculation.
(2) For homogeneous intrusions, some researchers use the mean modal proportions of the cumulus and late-cumulus phases in the whole igneous body to represent the cotectical cumulus assemblage (Duchesne & Charlier, 2005) . This approach is more suitable for Iguilid, mostly because its modal proportion variations are small, with a mean of 0Á65:0Á22:0Á13 for plagioclase, orthopyroxene and clinopyroxene, respectively. The cotectic proportions have probably changed during progressive crystallization of the Iguilid intrusion, as attested to by the presence of a few clinopyroxene-free norites. We have made a test with a clinopyroxene-free cumulus assemblage and obtained nearly the same TMF values (0-25% versus 0-28%) that are also negatively correlated with the SPO anisotropy degree (see below). We calculated a starting liquid from cumulus plagioclase with the lowest incompatible element content, assuming that this grain has been little affected by crystallization from or re-equilibration with a trace element rich interstitial melt. Clinopyroxene was not used to calculate the REE composition of the starting liquid as it crystallized from the evolved trapped melt. The LREE and MREE composition of the parental melt (from La to Gd) was determined from plagioclase MA 78, which has the lowest LREE concentrations. Zr contents were estimated from the most Zr-poor orthopyroxene (MA 77). HREE and other high field strength elements (HFSE; Nb, Ta, Th and U) were not used in the calculation because their content in plagioclase are close to the detection limit. Partition coefficients are those compiled by Bé dard (2001) .
To calculate the trapped melt fraction in each sample, we combined the Rayleigh fractionation equation with a term accounting for variable liquid fraction. The trace element composition of the evolving liquid C l is calculated as follows (Albarè de, 2003) :
where C o is the concentration in the parental liquid, F is the fraction of remaining liquid and D c is bulk partition coefficient using estimated cotectic phase proportions (pl:0Á65, opx:0Á22, cpx:0Á13).
The composition of the equilibrium cotectic cumulus assemblage C c is
The final equation for a cumulate C S with variable amounts of trapped liquid is the following:
where X liq is the proportion of trapped interstitial melt (i.e. TMF) in the cumulate. Modeled LREE, MREE and Zr concentrations were fitted to the measured bulk-rock composition for 11 samples by iteratively adjusting the two unknown variables: the fraction of remaining liquid F and the amount of interstitial liquid (X liq ). This was done by minimizing the residual sum of squares (RSS) between the measured and the calculated trace element concentrations.
Two sets of parameters are crucial for the determination of the TMFs: the cotectic (i.e. cumulus) proportions and the partition coefficients. First, we tested two different sets of partition coefficients adapted for basaltic melt compositions: those compiled by Bé dard (2001) for clinopyroxene, plagioclase and orthopyroxene; and clinopyroxene and plagioclase partitioning data from Zajacz & Halter (2007) using Dunn & Sen (1994) values for orthopyroxene. These yielded different absolute TMF values, but the relative deviations of trapped liquid fraction between the samples were the same; that is, the samples with the lowest or highest TMF were the same with the two series of partition coefficients (Fig. 15) . Changing the cotectic proportions has little consequence for the calculated TMF. We have tested a clinopyroxene-free cumulus assemblage (plagioclase 0Á75; orthopyroxene 0Á25) and the trapped liquid proportions were shifted towards slightly higher values (þ2% on average) (Fig. 15) . Most importantly, whatever the partition coefficients or cotectic proportions tested, we always observed a negative correlation between the anisotropy degree P and the TMF, which is the keystone of this study. This correlation and the RSS between calculated and measured values were also systematically better with the Bé dard (2001) partitioning data. It is worth noting that RSS were much more sensitive to variable TMFs than to the degree of differentiation F (Fig. 14) . This can be explained by the limited trace element variations in the cumulus assemblage over the whole range of F values (4Á5-10Á8 ppm for Zr; see Fig. 14) but the large concentration differences between the melt (95-230 ppm for Zr in melt) and the cumulus assemblage.
The results of these calculations are presented in Table 4 and Fig. 15 . Estimated values for the fraction crystallized (1 -F) range from zero to 58% whereas the TMF (X liq ) is between zero and 25Á7% (Table 4 , Fig. 15) . Because of the large uncertainties on the parental liquid composition and partition coefficients, the absolute values of the TMF are probably inaccurate. However, relative variations of the interstitial liquid proportions between the analyzed samples are significant. The good correlation between the calculated melt fractions and the measured contents of Ce and Zr (Fig. 16a) supports our contention that the concentration of incompatible elements is dominantly controlled by the fraction of trapped liquid, as expected. The only exception is MA 160 for which the best fit was obtained with high 1 -F (0Á58) and low TMF (6Á2%). Furthermore, the calculated Zr contents are positively correlated with measured values and roughly fall on the 1:1 line in Fig. 16b . Samples with trapped liquid fraction below 0Á17 have the lowest proportion of interstitial quartz (<0Á9 vol. %), whereas those with TMF > 0Á17 have between 1Á5 and 6 vol. % of quartz, supporting its crystallization from the trapped melt fraction.
Interpretation of SPO fabrics and microstructures
SPO foliation trajectories closely follow the arcuate contour of the Iguilid hill along its northern, western and southern sides (Fig. 13) ; the eastern margin is covered by a sand sheet. In strongly deformed samples, the subvertical foliations and lineations (Fig. 13) show a dominant oblate shape of the SPO ellipsoids and can be interpreted as representing horizontal shortening of cumulates. Deformation led to flattening parallel to the intrusion walls and is probably associated with subvertical magmatic flow. Similar igneous fabric structures are found in smaller-scale intrusions such as dykes, for which the main deformation mechanism is attributed to simple shear and not to pure shear (Herrero-Bervera et al., 2001; Fé mé nias et al., 2004; Nkono et al., 2006; Silva et al., 2010) . Moreover, dykes act as conduits for melt-rich magma and generally consist of melt-rich chilled margins with crystal-bearing cores owing to the Bagnold effect affecting crystal distribution during magma flow (see Nkono et al., 2006) . However, a process generating igneous fabrics in dykes cannot be transposed to the Iguilid body as the latter consists of melt-poor cumulates, which have a completely different rheological behavior compared with melt-rich magma (Nicolas, 1992) . Rheological properties drastically change when crystals become interconnected, leading to steady-state stable fabrics with increasing strain (Arbaret et al., 2000) , compared with the behavior of non-interacting rigid particles suspended in a low-viscosity phase in which crystal orientation and hence fabrics periodically rotate with increasing strain (Ildefonse et al., 1997) .
In large (often layered) basaltic intrusions, the pattern of foliations and lineations is generally different and more complex, with planar structures being more frequently subhorizontal (McBirney & Nicolas, 1997; Fig. 15 . Correlation between the SPO anisotropy degree P and the calculated TMF. White circles are results obtained with Bé dard (2001) partitioning data and 0Á65:0Á22:0Á13 (plag:opx:cpx) cotectic proportions (estimated from the average modal proportions for plag, opx and cpx in Iguilid). Choosing a different set of partition coefficients for plagioclase and clinopyroxene (Zajacz et al., 2007) has a strong consequence on the calculated TMFs (grey dots), but not on their inverse correlation with P SPO. Changing the cotectic proportions to 0Á65:0Á35 (plag:opx; i.e. a cpx-free cotectic assemblage) leads to a shift in TMF (black dots) of less than 2 vol. %. Only values represented by the white circles are discussed in the text. Bolle et al., 2000; O'Driscoll et al., 2007 O'Driscoll et al., , 2008 , except along the vertical margins of intrusions (see Humphreys & Holness, 2010) where disruption of crystal-rich slurries or magma flow can generate vertical fabrics and migration of interstitial melt (Geshi, 2001) .
The Iguilid rocks are characterized by oriented fabrics in which large euhedral plagioclase laths display a preferred orientation and preserve their igneous crystal shapes. Melt formed interstitial pockets in slightly deformed cumulates and thin quartz-rich films along cumulus grain boundaries in more deformed samples. Such structures were acquired in a mush with liquid proportions above the rheological critical proportion ($30 vol. % for basaltic magmas; Nicolas et al., 1992) where crystals are not interconnected and are able to rotate (Arbaret et al., 2000) . Plagioclase bending, fractures filled with quartz and indented plagioclase grain boundary contacts marked by localized recrystallization in some samples (Fig. 4) were, however, formed when the cumulate was rigid (Bouchez et al., 1992; Boudreau & McBirney, 1997; Barnes & Maier, 2002) and hence when the trapped melt proportion decreased below the critical value. All these observations suggest that deformation occurred when the mush started to deform during crystallization when the melt proportion was above 20-30 vol. % and that deformation continued when the cumulates reached a rigid rheological threshold (<$20-30 vol. % melt for gabbros; Nicolas, 1992; Nicolas & Ildefonse, 1996) . Liquid migration at the Measured  3Á65  7Á50  0Á84  3Á23  0Á68  20  0Á33  0Á66  MA 7  Calculated  3Á43  7Á42  0Á96  3Á28  0Á74  13  0Á41  0Á54  0Á18  0Á07  MA 62  Measured  4Á20  8Á67  0Á96  3Á65  0Á73  22  0Á32  0Á71  MA 62  Calculated  4Á49  9Á72  1Á26  4Á47  0Á97  20  0Á40  0Á71  0Á00  0Á16  MA 67  Measured  6Á48  13Á35  1Á46  5Á50  1Á09  30  0Á41  1Á04  MA 67  Calculated  6Á14  13Á29  1Á72  6Á23  1Á33  29  0Á44  0Á97  0Á00  0Á26  MA 77  Measured  4Á84  10Á63  1Á30  5Á40  1Á24  18  0Á53  1Á21  MA 77  Calculated  5Á09  11Á01  1Á42  5Á01  1Á10  22  0Á46  0Á80  0Á28  0Á12  MA 78  Measured  6Á13  12Á93  1Á47  5Á70  1Á20  28  0Á47  1Á17  MA 78  Calculated  5Á95  12Á87  1Á67  5Á99  1Á29  27  0Á45  0Á94  0Á15  0Á20  MA 155  Measured  5Á29  10Á78  1Á18  4Á38  0Á84  25  0Á39  0Á78  MA 1 -F, fraction crystallized; TMF, trapped melt fraction. centimeter scale is supported by the presence of veins and segregation pockets with a size limited to a few centimeters (Figs 4 and 5) . Iguilid cumulates are less deformed near the margins of the intrusion, especially along the outcropping western contact (Fig. 12) , whereas P values are generally higher in the core of the intrusion (P > 1Á1). During an in situ crystallization process, the viscosity of the crystal-bearing magma increases from the boundary of the solidification front to the margin of the intrusion (Marsh, 2006) , with values ranging from 10-10 3 Pa.s for crystal-free basaltic to andesitic melts to 10 16 Pa.s for a crystal-rich mush near the margin (Nicolas, 1992; Nicolas & Ildefonse, 1996; Hui & Zhang, 2007; Chevrel et al., 2015) . The latter is much more viscous and hence more difficult to deform under a given stress, leading to strain localization in the melt-rich part compared with melt-rich segregates near the solidification front. Consequently, if the P parameter from SPO is taken as a proxy for finite strain, it should be lower close to the margin of the intrusion as deformation will be localized in the melt-rich domains within the intrusion. This could not be verified along the eastern wall of the Iguilid magma chamber as the margin is partly covered with a Quaternary sand sheet, but it definitely characterizes the accessible western margin.
There are two possibilities, one linked to the regional tectonics and one implying variations in magma pressure within the chamber, as follows.
(1) The tectonic scenario implies opening of the magma chamber along a N20-40 strike, which corresponds to the mean orientation of 2Á7 Ga postmetamorphic intrusions (Iguilid, Great Ahmeyim dyke, metaluminous Touijenjert granite), during a tectonic stage that is controlled by N30-60 strike-slip dextral shear zones. As the Iguilid body is located in a relay zone between three right-lateral shear zones (Fig. 1) , it could have rotated during crystallization and turned into a direction oblique to the main stress and shifted from a local extensional context to compressional.
(2) Magma chambers, and especially dyke-like narrow ones, are also subject to large internal magma pressure variations. They can undergo large pressure decreases during discharge or pressurization during refill (Jelinek & DePaolo, 2003; Currenti & Williams, 2014) and gas-driven filter pressing following gas exsolution in larger magma chambers (Sisson & Bacon, 1999; Ellis et al., 2014) . All these processes are able to compress mushes located near the wall of magma chambers and extract the interstitial felsic melt (see Ellis et al., 2014) .
The host metamorphic rocks and the mylonitic shear zone located east of Iguilid (Fig. 2) display subvertical foliations and stretching lineations with the same orientation as the syn-magmatic fabrics of the gabbronorites. This first-order observation favors the first hypothesis, considering that the Iguilid body opened during magma emplacement and was then subject to compression. The shortening may have been helped by a slight decrease in magma pressure related to crystallization; structures indicating recharge (intrusive contacts, magma mingling, xenoliths) were not observed at Iguilid.
Filter pressing during in situ crystallization
The link between the SPO anisotropy degree P and the calculated interstitial liquid fraction (Fig. 15) demonstrates that the mechanism of chemical differentiation and the syn-magmatic deformation of unconsolidated crystal segregates are interrelated at Iguilid. A coherent model of emplacement and differentiation of the Iguilid igneous body must be consistent with the following: (1) the emplacement in a narrow vertical arcuate intrusion oriented N30-40; (2) in situ crystallization with efficient melt extraction during crystallization; (3) the acquisition of vertical planar and linear fabrics; (4) a disc-shaped finite strain ellipsoid for the most deformed samples; (5) lowering anisotropy from core to margin of the intrusion. Most of the structures and fabrics of the Iguilid gabbros have been acquired when the melt proportion was close to the rheological critical melt value (around 30% for gabbros; Nicolas, 1992) , meaning that prolonged crystallization occurred before the filter pressing of mush leading to final melt extraction. However, the magma filling a chamber often contains crystals, which settle during the first stages of magma differentiation, forming floor cumulates (Marsh, 2013) . These processes have probably operated at Iguilid. However, as we have access to only a subhorizontal cross-section of the magmatic body, characterized by vertical structures, and not to the floor composition and structure, we have no direct evidence for early crystal fractionation mechanisms such as crystal settling. As a consequence, the model proposed here is essentially focused on the final incremental differentiation stage that led to the final migration and extraction of melt and the finite deformation patterns of the cumulates. Accordingly, we propose the following magmatic emplacement scenario for the Iguilid intrusion (Fig. 17) .
(1) Melt emplacement (Fig. 17a) . The parental magma was emplaced in an elongated arcuate intrusion, showing the same orientation as the synchronous Ahmeyim great dyke, with similar petrological and geochemical features (Tait et al., 2013) . The magma fluid pressure and local tectonic stresses helped to open the initial crack (Rubin, 1995) and the magma stalled at a crustal level at which the magma internal pressure equaled the mean lithostatic pressure or below a stiff, low-density layer (Taisne & Jaupart, 2009) .
(2) Deformation during in situ crystallization. In situ crystallization started from the margins and solidification fronts propagated toward the core of the intrusion (Fig. 17b) . To explain the deformation of the cumulates, the whole igneous body must have been partly crystallized, otherwise the deformation would have led to only migration of the supra-liquidus mobile melt phase toward the core of the intrusion, localizing deformation in this layer and leaving the mush within the solidification fronts nearly undeformed.
(3) Filter pressing of a partially consolidated magma (Fig. 17c) . Closing of the magma chamber led to the margins becoming closer and caused flattening of the mushes. As the viscosity of the mushes is directly correlated to the crystal content, the cumulates located near the margin of the intrusion will be much less deformed (Fig. 17b and c) . At this stage, melt migration is evidenced by macroscopic felsic veins cutting across some gabbronorites, quartz 6 biotite veins cutting across euhedral cumulus plagioclase and orthopyroxene, macroscopic felsic veins preserved in several samples and the existence of segregated quartz-biotite pockets in a few samples. This process of crystal-melt mechanical separation can be compared with filter pressing or compaction differentiation (for horizontal fabrics) where the driving force is the vertical differential stress or gravity-driven horizontal compaction of a two-phase magma (McBirney, 1995; Bea et al., 2005; Namur et al., 2015) .
Linking the Iguilid mafic intrusion and the postgranulitic metaluminous granitic plutons
The Iguilid 2Á7 Ga basic magmatic pulse is coeval with the emplacement of the 150 km long and up to 1Á5 km wide Great Ahmeyim (Fig. 1a) dyke, characterized by similar lithologies and geochemical fingerprints (Tait et al., 2013; Fig. 9 ). Tait et al. proposed a siliceous highMg basalt trending to a boninitic composition for the parental melt. The slightly negative ENd values for the Iguilid gabbros (-2Á2 to -3Á3; Fig. 18a ; Table 3 ) are lower than model depleted mantle values at 2Á7 Ga [þ2 to þ3, according to Nelson & DePaolo (1984) and Blichert-Toft & Putchel (2010) ]. The parental melt thus either was formed in a perturbed Neoarchean, post-orogenic mantle containing recycled crustal components or it assimilated country rocks before its final emplacement in the Iguilid magma chamber. Post-granulite Archean magmatism is bimodal in the Reguibat Shield (Potrel et al., 1998; Tait et al., 2013) and it is also characterized by the presence of metaluminous (Touijenjert) and peraluminous (Ioulguend) intermediate to felsic plutons ranging from diorite to granite, dated at 2Á7 Ga (Auvray et al., 1992; Potrel et al., 1998) . Interestingly, the trace element composition of the melt in equilibrium with interstitial Iguilid clinopyroxenes [calculated using LA-ICP-MS data and the partition coefficients of Bé dard (2001)] (Fig.  18b) is very similar to the trace element patterns of the I-type metaluminous Touijenjert diorites and granodiorites analyzed by Potrel (1994) (Fig. 18b) . They also share similar Nd isotopic signatures at 2Á7 Ga, differing from the signature of older metamorphic rocks (ENd -2Á2 to -3Á3 for Iguilid, -1Á9 to -4Á1 for Touijenjert; Potrel et al., 1998 , and this study), thus suggesting a possible fractional crystallization linkage.
The differentiation mechanism proposed for the Iguilid intrusion, combining in situ differentiation and filter pressing of unconsolidated cumulates, produces and induces extraction of a melt with higher silica content compared with the parental Iguilid basaltic magma. It can be proposed, considering their geochemical similarities, that the metaluminous dioritic to granodioritic body of Touijenjert has been fed by comparable interstitial melt that has been extracted from the Iguilid or a similar underlying mafic intrusion. However, felsic melt extracted from basaltic magma chambers is generally of low volume (Geshi, 2001; Humphreys & Holness, 2010) and is insufficient to form large plutons. Within the Iguilid body, the observed migration and segregation textures provide evidence for small-scale processes (<10 cm) and cannot explain the feeding of the Touijenjert pluton (about 20 km Â 10 km). Basic intrusions may be more abundant at depth but there is no high-resolution geophysical imaging in this area allowing precise estimations of the volume of basic and felsic plutons.
Several researchers have previously proposed that felsic melt extraction from a basic mush can generate bimodal igneous suites (Marsh, 2002; Annen et al., 2006) especially in post-collisional tectonic settings since the Late Archean (Couzinié et al., 2016) . Our study of a plutonic body also supports conclusions based on bimodal volcanic provinces where crystal-poor rhyolites are interpreted as melts extracted from more basic crystal mushes forming within solidification fronts along the margins of a magma chamber (Bachmann & Bergantz, 2004 Ellis et al., 2014) .
CONCLUSIONS
The application of two approaches combining petrological and structural investigations to the Iguilid mafic intrusion confirms that syn-igneous deformation and crystallization processes are intimately coupled in magma chambers. In situ differentiation can be combined with deformation of unconsolidated basic crystal mushes to drive extraction of the more differentiated interstitial silicic melt. It is suggested that mushes underwent vertical filter pressing as the Iguilid body changed from a dilatational site to compression after rotation relative to the tectonic main stress. The differentiation model proposed for the Iguilid intrusion can possibly explain coeval bimodal igneous suites because the interstitial melt in equilibrium with the Iguilid clinopyroxenes has a striking similar trace element and isotopic composition to synchronous metaluminous felsic rocks in the area. In this model, basaltic components represent fresh inputs from mantle-derived magmas, whereas intermediate to felsic plutons can be fed from extracted interstitial liquid formed in basic mushes. However, structures supporting melt migration and segregation are of small scale at Iguilid and represent low volumes that cannot explain the formation of a large felsic pluton. (Potrel et al., 1998) . (b) REE patterns of the melt in equilibrium with late cumulus clinopyroxene and of the metaluminous post-granulitic 2Á7 Ga granitic plutons (grey shaded area).
